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Abstract: 
Advances in metabolic engineering have allowed for the development of new biological 
catalysts capable of selectively de-functionalizing biomass to yield platform molecules that can 
be upgraded to biobased chemicals using high efficiency continuous processing allowed by 
heterogeneous chemical catalysis.  Coupling these disciplines overcomes the difficulties of 
selectively activating C-OH bonds by heterogeneous chemical catalysis and producing petroleum 
analogues by biological catalysis.  We show that carboxylic acids, pyrones, and alcohols are 
highly flexible platforms that can be used to produce biobased chemicals by this approach. More 
generally, we suggest that molecules with three distinct functionalities may represent a practical 
upper limit on the extent of functionality present in the platform molecules that serve as the 
bridge between biological and chemical catalysis. 
Introduction: 
Concerns over the financial, environmental, and societal sustainability of fossil-based 
feedstocks have motivated research on the production of biofuels and biobased chemicals [1-3].  
At the same time, improved recovery of “tight resources” (e.g., shale gas or shale oil) has 
challenged the need for biomass as a replacement for petroleum.  However, the new capacity 
obtained from such resources consists mostly of C1 to C3 species [4], which requires the 
development of new methods for producing higher-carbon-number species.  Moreover, enhanced 
petroleum recovery does not mitigate the environmental concerns associated with the use of 
fossil-based resources.  Biomass, on the other hand, is a renewable feedstock that can potentially 
supply molecules containing four or more carbons. Any biomass conversion processes must be 
sufficiently flexible to adapt to the evolving needs of the chemical industry, and in this respect, 
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we suggest that the requisite flexibility can be achieved by using an approach that couples both 
chemical and biological catalysis. 
An effective strategy for the integration of chemical and biological catalysis is to use 
biological catalysis to selectively de-functionalize biomass to yield platform species that are 
further upgraded using chemical catalysis [5-8].  This strategy is particularly advantageous 
because it leverages the strengths of both disciplines while avoiding some of their weaknesses.  
For example, the selective activation of nearly-identical bonds (e.g., the C-OH bonds in sugars) 
is a difficult problem for heterogeneous catalysis, yet it forms the basis of most biochemical 
transformations.  Coupled processing also avoids the challenge of engineering an enzyme or 
organism to produce petroleum-like molecules, because the final transformations are left to the 
domain of chemical catalysis, which is well-suited for such reactions. 
This review will discuss recent examples of the integration of chemical and biological 
catalysis to produce biobased chemicals, with a focus on work published since 2013.  We will 
open with an overview of the strategy of combining chemical and biological catalysis, focusing 
in particular on determining when it is appropriate to pass a molecule from one discipline to the 
other.  Then, we will use examples from the literature to show that the combination of chemical 
and biological catalysis provides sufficient flexibility to adapt to the evolving needs of the 
chemical industry to produce both direct replacements for petrochemicals and chemicals with 
new functional performance not available using fossil-based feedstocks.   
Important considerations for coupling chemical and biological catalysis: 
One of the principal challenges associated with biomass upgrading using solely 
heterogeneous chemical catalysis is the selective activation of C-OH bonds.  While there are 
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examples where high selectivity can be achieved, for example in the isomerization of glucose to 
fructose [9] or its oxidation to gluconic acid [10], as a general rule selectivity remains a 
challenge when upgrading biomass-derived sugars using chemical catalysts alone.  In contrast, 
biological transformations have the advantage of being highly selective for the activation of 
these bonds, although biological catalysis is not necessarily well-suited for producing drop-in 
replacements for petrochemicals.  Consequently, we suggest [6,8,11] that biological catalysis can 
be used as the front-end for biomass upgrading strategies, allowing for the selective de-
functionalization of sugars to platform molecules that are suitable for conversion to final 
products using chemical catalysis.  While the toolkit of synthetic biology can be used to directly 
produce drop-in replacements for petroleum [12], many of the necessary reactions are already 
practiced by the heterogeneous catalysis community.  Moreover, as we will highlight in the 
examples that follow, the use of platform molecules allows for the more easily diversified 
production of a variety of species, including both commodity chemicals and high-value building 
blocks.  Some of the most promising future strategies for producing chemicals from biomass, 
then, may combine the tools of synthetic biology with the potential high efficiency of 
heterogeneous catalysis. 
For any system that combines chemical and biological catalysis, there is a question of how to 
decide at what point in the selective de-functionalization of biomass the molecule should be 
passed from the biological process to the chemical process.  We consider this problem from a 
perspective analogous to that taken by the petrochemicals industry: for a particular molecule, 
what degree of oxidation is most useful for subsequent upgrading?  We consider first the most 
reduced form of carbon, alkanes, which are also the ultimate products of deep 
hydrodeoxygenation (HDO) of biomass-derived molecules.  The selective functionalization of 
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these fully-saturated species to useful chemicals is difficult because of their low reactivity, 
leading to the need to operate at demanding reaction conditions.  However, slightly more 
oxidized forms of carbon, alkenes in particular, are highly useful as platform species in 
petrochemical facilities.  Having the functional group in the terminal position is perhaps most 
useful, as in the case of α-olefins.  However, processes for producing alkenes from biomass 
already involve both chemical and biological catalysis [13-15] and do not necessarily proceed at 
high yields.  Focusing on increasingly oxidized species, we arrive at, in increasing order of 
oxidation state, alcohols, aldehydes, ketones, and acids, each of which can be upgraded using the 
common reactions shown in Table 1.  Notably, the production of acids and alcohols is relatively 
straightforward using biological catalysis [16,17], although often these species contain more than 
one functional group. 
In the case of bifunctional species, one must address the selectively for upgrading one group 
in the presence of another.  Molecules containing two identical groups, such as dienes, diols, or 
diacids present the greatest challenge.  In this case, the molecular structure often drives the 
selectivity.  For example, selectivity in diol oxidation is governed largely by chain length [18].  
However, sometimes it may be possible to design catalysts with active sites that are highly 
selective for converting only one of the functional groups in a symmetric bifunctional molecule, 
as in the case of butadiene reduction to butene [19].  This problem can be simplified if the 
bifunctional molecule contains two unique functional groups, as in the case of hydroxyacids such 
as lactic acid or glycolic acid.  Moreover, advances in metabolic engineering have enabled the 
production of other bifunctional molecules using, for example, a reverse β-oxidation pathway 
[20].  In that case, ω-functionalized acids can be obtained, and the nature of the ω-
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functionalization can be varied.  Based on the reactions listed in Table 1, hydroxyl groups or 
unsaturated carbon-carbon bonds would be particularly useful for further upgrading.   
Table 1. Common uses of heterogeneous catalysts for biomass-conversion reactions. 
Reaction Common Catalysts 
Group VIII metals: Pt, Pd, Ni, Rh, Ru 
Group VIII metals: 
If R’ is CHx: Pt, Ni, Ru, Cu, Co, CuCr 
If R’ is OH: Ru, CuCr 
If R’ is aromatic: Pd, Ni, Co, Cu 
Certain Group VIII metals: Pt, Pd, Au 
Certain Group VIII metals: Pt, Pd, Au 
Metal oxides: CeOx, La2O3, CeZrOx, 
CeOx-Mn2O3 
Brønsted acids: Sulfonic acid resins, 
amorphous silica-alumina, zeolites 
Brønsted acids: Sulfonic acid resins, 
amorphous silica-alumina, zeolites 
Based on the conversions listed in Table 1, we suggest that molecules with three distinct 
functionalities likely represent an upper limit of usefulness.  Above this limit, it becomes 
necessary to include additional groups with similar or identical functionality, based on what can 
be easily produced biologically.  Importantly, it is challenging to upgrade catalytically species 
containing three identical functional groups (e.g., glycerol [21]).  In contrast, three-carbon 
carbohydrates contain two hydroxyl groups and an aldehyde, and these molecules can be 
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selectively converted using catalysts with carefully designed active sites (e.g., transition metal-
containing zeolites [22]).  A promising case would be a trifunctional molecule containing three 
unique groups, such as those which can be produced by polyketide biosynthesis [23].  The 
typical reactions that operate on these functional groups often require sufficiently different 
reaction conditions, such that it is possible to achieve high selectivity for chemically converting 
one group at a time [24].  Importantly, this ability to upgrade a single group at a time leads to a 
high degree of flexibility in the nature of the final products, whether they be direct replacements 
for petrochemical-derived molecules or new molecules having novel properties.   
It may be possible, using polyketide biosynthesis, to arrive at a useful set of platform 
molecules containing four functional groups.  In particular, species that contain both aromatic 
rings and unsaturated carbon-carbon bonds are potentially valuable as platform species, because 
catalysts can be designed to operate selectively on unsaturated bonds in the presence of aromatic 
rings.  Similarly, molecules containing an alcohol, an aromatic ring, and two distinct carbonyls 
(e.g., an aldehyde and an acid) could be selectively upgraded.  Figure 1 shows a cross-section of 
molecules that can be produced by biocatalytic means, grouped generally by functionality. 
We note that the discussion above amounts to a qualitative approach to what is properly an 
optimization problem.  We suggest that modern computational tools could be used to provide 
further guidance in this regard.  Accordingly, an approach that combines heterogeneous 
catalysis, biological catalysis, and computational network analysis would be a particularly useful 
method for the discovery of new, highly flexible processes for the production of chemicals from 
biomass. 
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Figure 1.  A selection of products that can be obtained biologically.  These species can be 
monofunctional (e.g., n-butanol and ethanol), bifunctional (e.g., hydroxyacids, including lactic 
acid), or truly multifunctional (e.g., the polyketide products).  The short-chain alcohols, both 
citric and lactic acids, and the diacids can all be produced using naturally occurring pathways.  
Recent advances in metabolic engineering have paved the way for producing homologous series 
of long-chain fatty and hydroxyacids as well as pyrones, chalcones and other polyketide 
products.  
The remainder of this review will discuss recent examples that use a combination of 
metabolic processes and heterogeneous chemical catalysis.  In particular, we wish to highlight 
the modularity of this approach.  The most promising bioconversion routes use metabolic 
processes that are capable of producing a series of homologous bi- or trifunctional intermediates 
using only small modifications to the relevant enzymes in the metabolic pathway.  For these 
processes, once a system has been sufficiently characterized, it might be possible to produce 
several different platform species.  The same approach can be applied to the subsequent chemical 
upgrading; once the relevant pathways for one molecule have been elucidated it is possible to 
apply these pathways to other molecules in the series.  Moreover, because many of these 
metabolic routes leave several different functional groups on the platform molecules, the 
application of different catalysts and reaction conditions can lead to numerous products from a 
single platform species. 
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Recent examples that combine chemical and biological catalysis: 
Carboxylic acids make up a large class of molecules that can be produced by biological 
catalysis.  Correspondingly, there is a large body of literature that focuses on the conversion of 
these species with examples ranging from routes for producing commodity chemicals (e.g., 
monomers, aromatics, higher alcohols) to fine chemicals and pharmaceutical building blocks 
(e.g., chiral amino alcohols).  The conversion of lactic acid (LA) remains an interesting area for 
research.  For example, Sels and coworkers have recently shown that H-beta zeolite catalyzes the 
dimerization of L-LA to (L,L)-lactide at nearly quantitative selectivity (relative to the total 
amount of lactide produced) [25], which has the potential to improve the overall yield of 
poly(lactic acid) (PLA) from LA.  The same group has also shown that PLA is not the only 
polymer that can be produced from LA.  Bisphenols, which comprise an important class of 
monomers for the production of polycarbonate resins, can be produced from phenol and 2,3-
pentanedione, which is itself a derivative of LA [26].  The LA platform is highly flexible, and 
there are numerous other molecules that can be produced from LA, including 1,2-propanediol 
(PDO).  In the case of PDO production, Tomishige and coworkers have recently shown that 
bimetallic RuMo catalysts are more active by a factor of between 4 and 6 than the monometallic 
Ru catalyst typically used for this reaction [27], and Hutchings and coworkers have recently 
provided insight into the structure of the classical Ru/C catalyst used for LA hydrogenation [28].  
LA can be converted to several other products, as well (see Figure 2) [29,30], demonstrating that 
it is a highly modular platform for the production of commodity chemicals.  
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Figure 2.  Representative routes for upgrading carboxylic acids.  Top: Chiral amino acids, such 
as alanine (pictured) can be hydrogenated to chiral amino alcohols.  Middle: Long-chain fatty 
acids can either be hydrogenated to fatty alcohols or decarbonylated to α-olefins.  Bottom: Lactic 
acid can be polymerized to poly(lactic acid), oxidized to pyruvic acid, decarboxylated to 
acetaldehyde, reduced to 1,2-propanediol, dehydrated to acrylic acid, ketonized to 2,3-
pentanedione, or esterified to alkyl lactates. 
Figure 2 shows that the reduction of LA can be extended to other biologically derived 
carboxylic acids.  For example, Tomishige and colleagues [31,32] have used RhMo for the 
selective reduction of amino acids to chiral amino alcohols, which are valuable pharmaceutical 
precursors [33].  Similar catalysts can be used for the reduction of other biologically-derived 
carboxylic acids.  Murzin and coworkers [34] have shown that a supported ReOx catalyst can 
reduce long-chain fatty acids, which are produced by fatty acid biosynthesis [35], to long-chain 
alcohols, which are key intermediates in the production of lubricants, surfactants, and other 
specialty chemicals [36].  The decarbonylation of long-chain acids to yield α-olefins has also 
been described recently [14,15], with these species being especially useful as feedstocks for 
known petrochemical-developed transformations.  These approaches become particularly 
powerful when coupled with strategies that can control the chain length and functionalization of 
these acids, such as the reverse β-oxidation pathway [20], allowing for the production of a family 
of related products. 
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Other reactions of carboxylic acids can lead to new platforms entirely, as in the case of the 
dimerization of malic acid to coumalic acid [37], which is a 2-pyrone.  The Diels-Alder reaction 
of coumalic acid or methyl coumalate with pyruvic acid or methyl pyruvate leads to 
terephthalates [38].  This chemistry is highly modular, and other dienophiles can be used to 
produce a wide array of final products [39].  More broadly, we suggest that 2-pyrones comprise 
an attractive class of platform chemicals, as shown in Figure 3.  Many of these molecules can be 
produced directly from sugars by polyketide biosynthesis [23,40], and certain species can be 
used to produce a variety of commodity chemicals.  For example, triacetic acid lactone (TAL) 
can be converted to several valuable products, including sorbic acid and a variety of bifunctional 
C5 ketones, C6 lactones, and C6 unsaturated acids [11,24].  The key advantage of platform 
molecules, such as TAL, lies in the ability to produce not only commodity species but also high 
value chemicals including various natural products [41] and anti-fungal species [42].  Moreover, 
polyketide biosynthesis is a sufficiently flexible platform that other, homologous molecules can 
be produced by making small modifications to the enzymes involved [23].  The advantage of this 
approach is that various catalysts can be used under similar reaction conditions to arrive at 
numerous products. 
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Figure 3.  Representative routes for upgrading pyrones.  Top: Diels-Alder reactions of 
coumalates lead to terephthalates or benzoates.  Adapted from ref. [38].  Bottom: Triacetic acid 
lactone (TAL) can be produced by a process similar to that for 4HC.  TAL can be upgraded to 
many commodity and specialty chemicals, including lactones, unsaturated acids, and 
bifunctional ketones.  Adapted from ref. [24]. 
In addition to producing multi-functional species, such as pyrones and functionalized 
carboxylic acids, biological catalysis can be used to convert biomass to mono-functional species, 
such as alcohols.  Much of the research on alcohol production by microorganisms has focused on 
biofuels; however, these molecules are often more valuable when used as chemical feedstocks.  
For example, recent advances in sugar production from biomass have led to projections of a fuel-
grade ethanol price of $4.87 per gallon of gasoline-equivalent (GGE) [43], which equates to 
$3.24 per gallon of ethanol.  While $4.87/GGE is high relative to the cost of transportation fuels, 
$3.24/gal is comparable to the price of chemical-grade ethanol, which has been reported to be in 
the range of $3.30 to $3.90 per gallon [44].  This situation has inspired studies focused on the 
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production of chemicals from alcohols, demonstrating that alcohols, and ethanol in particular, 
have become increasingly attractive as platform chemicals [45], as shown in Figure 4.  The 
mono-functional nature of ethanol leads to the opportunity for differentiation by chemical 
catalysis, as many reactions can be performed without the concern that a second functional group 
will be inadvertently converted.  Thus, the ethanol platform allows for the flexibility needed by 
the modern chemical industry, much the same as for carboxylic acids and pyrones.  
Figure 4.  Potential routes for upgrading alcohols, with ethanol shown as a representative 
example.  The Lebedev process can be used for the production of butadiene from ethanol, while 
the Guerbet reaction can be used to couple short-chain alcohols to yield long-chain alcohols.  
Mixtures of acetone, butanol, and ethanol (e.g., the products of ABE fermentations) can be 
coupled using Pd catalysts to yield mixtures of ketones and branched, long-chain alcohols.  
These species could be used as chemical feedstocks or hydrodeoxygenated to yield alkanes for 
blending with petroleum fuels. 
The conversion of ethanol to butadiene (i.e., the Lebedev process) has recently generated a 
great deal of interest.  This conversion is attractive not only because it provides a renewable 
source for an important commodity chemical, but also because the resurgence in ethane cracking 
has begun to put pressure on the butadiene market [46].  Recent progress in butadiene synthesis 
from ethanol has focused on the use of catalysts with well-controlled distributions of active sites 
as a means to probe the nature of the active sites on industrial catalysts.  Zirconium-containing 
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beta zeolites have been particularly effective for this purpose [47,48], and they have allowed for 
infrared and density functional theory (DFT) studies of the nature of the active sites required for 
this reaction [49].  It is important to note that while progress is being made with regard to active 
site elucidation for this reaction, the reaction kinetics and network remain only tentatively 
proven.  Several examples shed new light on this area [50], and further work is needed.  The 
Guerbet reaction, which shares many mechanistic details with the Lebedev reaction, has been 
much better studied [51], and recent work has used stead-state isotopic transient kinetic analysis 
(SSITKA) and stepwise temperature-programmed desorption infrared spectroscopy to elucidate 
details of this reaction [52].  Research in butadiene synthesis would benefit from a similar 
approach. 
The mixture of ethanol, butanol, and acetone obtained by ABE fermentation is an intriguing 
feedstock for the production of fuels and chemicals.  Recent work by Toste and coworkers has 
shown that these three species can be coupled to yield C5 to C15 methyl ketones, which in turn 
can be converted to alkanes for use in transportation fuels [53-55].  Additionally, these methyl 
ketones can be dimerized by aldol condensation to yield C8 to C30 unsaturated ketones, which 
can subsequently be reduced to alkanes to yield aviation fuels [56].  Moreover, life-cycle 
analysis suggests that this platform could also be used to generate high molecular weight 
lubricants following HDO [57].  Notably, because these species possess functionality prior to 
HDO, we suggest that they could also be valuable as precursors for the production of chemicals. 
We note that catalyst stability is an important consideration for the upgrading of biologically 
derived molecules, including carboxylic acids.  It has been shown that metal catalysts used for 
hydrogenation and decarbonylation reactions are susceptible to deactivation due to biogenic 
impurities [58,59].  Further studies are necessary to evaluate whether new catalysts that either 
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contain or are composed entirely of oxophilic metals are also susceptible to deactivation by such 
impurities.  It appears that Pb electrocatalysts may be immune to inhibition by biogenic 
impurities, as evidenced during the electrocatalytic hydrogenation of muconic acid [60], which 
may be an attractive platform molecule itself.  Moreover, the production of biologically derived 
molecules is carried out in the aqueous phase, such that the catalysts used to upgrade these 
species must be stable in the presence of liquid water at elevated temperatures.  Recent progress 
in the engineering of hydrothermally stable catalysts has been made by coating oxide supports 
with a hydrophobic layer of carbon [61-63]. 
Finally, we note that while much of the literature has focused on the use of chemical catalysis 
as a means of upgrading biologically derived platform species, there may be opportunities to use 
biological catalysis to upgrade platform molecules that were produced using chemical catalysis.  
In one version of this scheme, genetically modified organisms can be used to fill the role of 
classical heterogeneous catalysts for certain reactions, as has been shown for the reduction of 
levulinic acid to γ-valerolactone (GVL) [64].  Conversely, chemical catalysis can be used to 
produce specialty feedstocks required for particular biotransformations, as in the case of the 
conversion lactones to polyhydroxyalkanoates.  This reaction opens the door to the production of 
biopolymers starting from chemically derived GVL [65].  We suggest that this area will be 
attractive for further research. 
Concluding Remarks: 
The combination of chemical and biological catalysis provides a means produce commodity 
and specialty chemicals without the need for fossil-based feedstocks.  Moreover, this approach 
opens the door to chemistry that is not possible when upgrading biomass-derived feedstocks 
using chemical or biological catalysis alone.  It is possible to use the strengths of chemical and 
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biological catalysis to overcome the weaknesses inherent in the independent application of each 
approach.  More importantly, the examples we have discussed highlight the modularity provided 
by the coupling of chemical and biological catalysis using a platform chemical bridge.  The 
number and type of functional groups present on these platform molecules govern not only the 
nature of the final products but also the ease with which these products can be produced.  
Importantly, we suggest that the presence of three distinct functional groups likely represents a 
practical upper limit on the amount of functionality that can be utilized effectively in platform 
molecules.  Using such species, both commodity and high-value chemicals can be produced by 
modifying a small number of parameters, thus generating the flexibility needed by the modern 
chemical industry.  Finally, we suggest that processes which combine chemical and biological 
catalysis open the door to the production of novel species that can lead to improvements in 
material properties relative to those obtained using traditional petrochemicals, an area that 
deserves more focus in future research. These novel species create the opportunity for generating 
a new wave of innovation in the chemical industry. 
Acknowledgements: 
The approach advocated in this opinion is reflected in the core mission of the National 
Science Foundation Engineering Research Center for Biorenewable Chemicals (CBiRC).  Many 
of the examples highlighted herein come from work performed in that center.  CBiRC is funded 
by the National Science Foundation under Award no. EEC-0813570.  Any opinions, findings, 
conclusions, or recommendations expressed in this material are those of the authors and do not 
necessarily represent the views of the National Science Foundation. 
16 
References and Recommended Reading: 
1. Huber GW, Iborra S, Corma A: Synthesis of Transportation Fuels from Biomass: Chemistry, Catalysts,
and Engineering. Chemical Reviews (Washington, DC, United States) 2006, 106:4044-4098. 
2. Alonso DM, Bond JQ, Dumesic JA: Catalytic Conversion of Biomass to Biofuels. Green Chemistry 2010,
12:1493-1513. 
3. Luterbacher JS, Martin Alonso D, Dumesic JA: Targeted chemical upgrading of lignocellulosic biomass
to platform molecules. Green Chemistry 2014, 16:4816-4838. 
• 4. Siirola JJ: The impact of shale gas in the chemical industry. AIChE Journal 2014, 60:810-819.
This perspective provides a useful overview of the recent shale gas boom.  The author leverages 
his industrial experience to describe the economic consequences of shale gas and the impact it 
will have on the petrochemical sector. 
5. Shanks BH: Unleashing biocatalysis/chemical catalysis synergies for efficient biomass conversion.
ACS Chemical Biology 2007, 2:533-535. 
6. Nikolau BJ, Perera M, Brachova L, Shanks B: Platform biochemicals for a biorenewable chemical
industry. Plant Journal 2008, 54:536-545. 
7. Vennestroem PNR, Christensen CH, Pedersen S, Grunwaldt J-D, Woodley JM: Next-generation
catalysis for renewables: combining enzymatic with inorganic heterogeneous catalysis for bulk 
chemical production. ChemCatChem 2010, 2:249-258. 
• 8. Schwartz TJ, O'Neill BJ, Shanks BH, Dumesic JA: Bridging the chemical and biological catalysis gap:
Challenges and outlooks for producing sustainable chemicals. ACS Catalysis 2014, 4:2060-2069. 
This review identifies three challenges for heterogeneous catalysis that must be addressed 
when upgrading biologically-derived feedstocks: the inhibitory effect of biogenic impurities, 
hydrothermal stability of catalytic materials, and the tailored design of active sites for upgrading 
multi-functional molecules. 
9. Bermejo-Deval R, Assary RS, Nikolla E, Moliner M, Roman-Leshkov Y, Hwang S-J, Palsdottira A,
Silverman D, Lobo RF, Curtiss LA, et al.: Metalloenzyme-like catalyzed isomerizations of sugars 
by Lewis acid zeolites. Proceedings of the National Academy of Sciences of the United States of 
America 2012, 109:9727-9732, S9727/9721-S9727/9719. 
• 10. Wang Y, Van de Vyver S, Sharma KK, Roman-Leshkov Y: Insights into the stability of gold
nanoparticles supported on metal oxides for the base-free oxidation of glucose to gluconic 
acid. Green Chemistry 2014, 16:719-726. 
The authors use Au dispersed on reducible metal oxides to selectively convert glucose to 
gluconic acid.  They find that the use of nanoscale metal oxide supports is critical for catalyst 
stability. 
11. Shanks BH: Across the Board: Brent H. Shanks. ChemSusChem 2015, 8:928-930.
12. Connelly TMJ, Chang CM, Clarke L, Ellington AD, Hillson NJ, Johnson RA, Keasling JD, Laderman SS,
Ossorio P, Prather KLJ, et al.: Industrialization of Biology: A Roadmap to Accelerate the Advanced 
Manufacturing of Chemicals. The National Academies Press; 2015. 
13. Wang D, Hakim SH, Martin Alonso D, Dumesic JA: A highly selective route to linear alpha olefins
from biomass-derived lactones and unsaturated acids. Chemical Communications 2013, 
49:7040-7042. 
14. Lopez-Ruiz JA, Davis RJ: Decarbonylation of heptanoic acid over carbon-supported platinum
nanoparticles. Greem Chemistry 2014, 16:683-694. 
15. Lopez-Ruiz JA, Pham HN, Datye AK, Davis RJ: Reactivity and stability of supported Pd nanoparticles
during the liquid-phase and gas-phase decarbonylation of heptanoic acid. Applied Catalysis A: 
General 2015, http://dx.doi.org/10.1016/j.apcata.2015.01.032. 
17 
16. Sauer M, Porro D, Mattanovich D, Branduardi P: Microbial production of organic acids: expanding
the markets. Trends in Biotechnology 2008, 26:100-108. 
17. Sánchez ÓJ, Cardona CA: Trends in biotechnological production of fuel ethanol from different
feedstocks. Bioresource Technology 2008, 99:5270-5295. 
18. Ide MS, Davis RJ: Perspectives on the kinetics of diol oxidation over supported platinum catalysts in
aqueous solution. Journal of Catalysis 2013, 308:50-59. 
19. Hou R, Yu W, Porosoff MD, Chen JG, Wang T: Selective hydrogenation of 1,3-butadiene on PdNi
bimetallic catalyst: From model surfaces to supported catalysts. Journal of Catalysis 2014, 
316:1-10. 
• 20. Clomburg JM, Blankschien MD, Vick JE, Chou A, Kim S, Gonzalez R: Integrated engineering of β-
oxidation reversal and ω-oxidation pathways for the synthesis of medium chain ω-
functionalized carboxylic acids. Metabolic Engineering 2015, 28:202-212. 
The authors use a reversed β-oxidation pathway to produce bifunctional molecules, including 
hydroxyacids and diacids, from glycerol.  These molecules are particularly attractive for 
subsequent upgrading using heterogeneous catalysis. 
21. Morales M, Dapsens PY, Giovinazzo I, Witte J, Mondelli C, Papadokonstantakis S, Hungerbuhler K,
Perez-Ramirez J: Environmental and economic assessment of lactic acid production from 
glycerol using cascade bio- and chemocatalysis. Energy & Environmental Science 2015, 8:558-
567. 
22. Holm MS, Saravanamurugan S, Taarning E: Conversion of Sugars to Lactic Acid Derivatives Using
Heterogeneous Zeotype Catalysts. Science  2010, 328:602-605. 
•• 23. Stewart Jr C, Vickery CR, Burkart MD, Noel JP: Confluence of structural and chemical biology:
plant polyketide synthases as biocatalysts for a bio-based future. Current Opinion in Plant 
Biology 2013, 16:365-372. 
This opinion highlights some of the state-of-the-art in polyketide biosynthesis.  In particular, the 
authors show several classes of molecules that we suggest are particuarly attractive for 
subsequent upgrading using heterogeneous catalysis. 
24. Chia M, Schwartz TJ, Shanks BH, Dumesic JA: Triacetic Acid Lactone as a Biorenewable Platform
Chemical. Greem Chemistry 2012, 14:1850-1854. 
•• 25. Dusselier M, Van Wouwe P, Dewaele A, Jacobs PA, Sels BF: Shape-selective zeolite catalysis for
bioplastics production. Science 2015, 349:78-80. 
The authors demonstrate a new method for producing dilactide, which is the key precursor to 
poly(lactic acid) (PLA).  Their process  is simpler than that used currently, and they obtain higher 
yields.  This technology has the potential to improve the overall yield of PLA from lactic acid. 
26. Schutyser W, Koelewijn S-F, Dusselier M, Van de Vyver S, Thomas J, Yu F, Carbone MJ, Smet M, Van
Puyvelde P, Dehaen W, et al.: Regioselective synthesis of renewable bisphenols from 2,3-
pentanedione and their application as plasticizers. Green Chemistry 2014, 16:1999-2007. 
27. Takeda Y, Shoji T, Watanabe H, Tamura M, Nakagawa Y, Okumura K, Tomishige K: Selective
Hydrogenation of Lactic Acid to 1,2-Propanediol over Highly Active Ruthenium–Molybdenum 
Oxide Catalysts. ChemSusChem 2015, 8:1170-1178. 
28. Iqbal S, Kondrat SA, Jones DR, Schoenmakers DC, Edwards JK, Lu L, Yeo BR, Wells PP, Gibson EK,
Morgan DJ, et al.: Ruthenium Nanoparticles Supported on Carbon: An Active Catalyst for the 
Hydrogenation of Lactic Acid to 1,2-Propanediol. ACS Catalysis 2015, 5:5047-5059. 
29. Dusselier M, Van Wouwe P, Dewaele A, Makshina E, Sels BF: Lactic acid as a platform chemical in
the biobased economy: the role of chemocatalysis. Energy & Environmental Science 2013, 
6:1415-1442. 
30. Mäki-Arvela P, Simakova IL, Salmi T, Murzin DY: Production of Lactic Acid/Lactates from Biomass
and Their Catalytic Transformations to Commodities. Chemical Reviews 2014, 114:1909-1971. 
18 
• 31. Tamura M, Tamura R, Takeda Y, Nakagawa Y, Tomishige K: Catalytic hydrogenation of amino acids
to amino alcohols with complete retention of configuration. Chemical Communications 2014, 
50:6656-6659. 
This communication demonstrates that the addition of oxophilic metals, such as Mo, to Rh 
catalysts leads to dramatic improvements in the activity of these catalysts relative to the current 
benchmark catalyst, monometallic Ru.  The addition of Mo improves the selectivity of the Rh 
material to nearly match that of Ru. 
32. Tamura M, Tamura R, Takeda Y, Nakagawa Y, Tomishige K: Insight into the Mechanism of
Hydrogenation of Amino Acids to Amino Alcohols Catalyzed by a Heterogeneous MoOx-
Modified Rh Catalyst. Chemistry – A European Journal 2015, 21:3097-3107. 
33. Breuer M, Ditrich K, Habicher T, Hauer B, Keeler M, Sturmer R, Zelinski T: Industrial Methods for
the Production of Optically Active Intermediates. Angewandte Chemie International Edition 
2004, 73:788-824. 
34. Rozmysłowicz B, Kirilin A, Aho A, Manyar H, Hardacre C, Wärnå J, Salmi T, Murzin DY: Selective
hydrogenation of fatty acids to alcohols over highly dispersed ReOx/TiO2 catalyst. Journal of 
Catalysis 2015, 328:197-207. 
35. Lennen RM, Pfleger BF: Microbial production of fatty acid-derived fuels and chemicals. Current
Opinion in Biotechnology 2013, 24:1044-1053. 
36. Lappin GR, Nemec LH, Sauer JD, Wagner JD: Olefins, Higher. In Kirk-Othmer Encyclopedia of
Chemical Technology. John Wiley & Sons, Inc.; 2000. 
•• 37. Lee JJ, Pollock Iii GR, Mitchell D, Kasuga L, Kraus GA: Upgrading malic acid to bio-based
benzoates via a Diels-Alder-initiated sequence with the methyl coumalate platform. RSC 
Advances 2014, 4:45657-45664. 
The authors optimize the conversion of biologically-derived malic acid to the 2-pyrone methyl 
coumalate.  They use this molecule for the one-pot synthesis of numerous aromatic species, 
demonstrating the versatilitiy of this platform. 
38. Lee JJ, Kraus GA: One-pot formal synthesis of biorenewable terephthalic acid from methyl
coumalate and methyl pyruvate. Green Chemistry 2014, 16:2111-2116. 
39. Lee JJ, Kraus GA: Divergent Diels–Alder methodology from methyl coumalate toward
functionalized aromatics. Tetrahedron Letters 2013, 54:2366-2368. 
•• 40. Cardenas J, Da Silva NA: Metabolic engineering of Saccharomyces cerevisiae for the production
of triacetic acid lactone. Metabolic Engineering 2014, 25:194-203. 
The authors report the engineering of a pathway in S. cerevisiae for the production of triacetic 
acid lactone (TAL).  Using classical metabolic engineering techniques, they arrive at a 37-fold 
increase in TAL titers and a 50-fold increase in TAL yield on glucose. 
41. Kraus GA, Basemann K, Guney T: Selective pyrone functionalization: reductive alkylation of triacetic
acid lactone. Tetrahedron Letters 2015, 56:3494-3496. 
42. Wanninayake UK, Kraus GA: Synthesis of pogostone from biobased triacetic acid lactone. In 250th
ACS National Meeting & Exposition. American Chemical Society; 2015. 
43. Luterbacher JS, Rand JM, Alonso DM, Han J, Youngquist JT, Maravelias CT, Pfleger BF, Dumesic JA:
Nonenzymatic Sugar Production from Biomass Using Biomass-Derived γ-Valerolactone. 
Science  2014, 343:277-280. 
44. ICIS Indicitive Chemical Prices. http://www.icis.com/StaticPages/A-E.htm, Accessed: September 15,
2015. 
45. Bozell JJ, Peterson GR: Technology development for the production of biobased products from
biorefinery carbohydrates - the US Department of Energy's "Top 10" revisited. Green 
Chemistry 2010, 12:539-554. 
19 
46. Makshina EV, Dusselier M, Janssens W, Degreve J, Jacobs PA, Sels BF: Review of old chemistry and
new catalytic advances in the on-purpose synthesis of butadiene. Chemical Society Reviews 
2014, 43:7917-7953. 
•• 47. Sushkevich VL, Ivanova II, Tolborg S, Taarning E: Meerwein-Ponndorf-Verley-Oppenauer reaction
of crotonaldehyde with ethanol over Zr-containing catalysts. Journal of Catalysis 2014, 
316:121-129. 
This article reports the synthesis and application of Zr-containing beta zeolites that are used for 
the Meerwein-Ponndorf-Verley-Oppenauer (MPVO) reaction that simultaneously reduces 
crotonaldehyde to crotyl alcohol and oxidizes ethanol to acetaldehyde.  This reaction is a key 
step in the production of butadiene from ethanol, and these materials enabled the use of FTIR 
spectroscopy to study the MPVO reaction over well-defined Zr sites. 
48. Sushkevich VL, Ivanova II, Taarning E: Ethanol conversion into butadiene over Zr-containing
molecular sieves doped with silver. Green Chemistry 2015, 17:2552-2559. 
49. Sushkevich VL, Palagin D, Ivanova II: With Open Arms: Open Sites of ZrBEA Zeolite Facilitate
Selective Synthesis of Butadiene from Ethanol. ACS Catalysis 2015, 5:4833-4836. 
50. Chieregato A, Ochoa JV, Bandinelli C, Fornasari G, Cavani F, Mella M: On the Chemistry of Ethanol
on Basic Oxides: Revising Mechanisms and Intermediates in the Lebedev and Guerbet 
reactions. ChemSusChem 2015, 8:377-388. 
51. Kozlowski JT, Davis RJ: Heterogeneous Catalysts for the Guerbet Coupling of Alcohols. ACS Catalysis
2013, 3:1588-1600. 
• 52. Hanspal S, Young ZD, Shou H, Davis RJ: Multiproduct Steady-State Isotopic Transient Kinetic
Analysis of the Ethanol Coupling Reaction over Hydroxyapatite and Magnesia. ACS Catalysis 
2015, 5:1737-1746. 
The authors report mechanistic insight into the Guerbet coupling of ethanol to yield butanol 
using several techniques, including steady-state isotopic transient kinetic analysis.  Importantly, 
they note that the C-C bond forming reaction is slow relative to ethanol dehydrogenation on 
MgO and hydroxyapatite surfaces. 
53. Anbarasan P, Baer ZC, Sreekumar S, Gross E, Binder JB, Blanch HW, Clark DS, Toste FD: Integration of
chemical catalysis with extractive fermentation to produce fuels. Nature  2012, 491:235-239. 
• 54. Sreekumar S, Baer ZC, Gross E, Padmanaban S, Goulas K, Gunbas G, Alayoglu S, Blanch HW, Clark
DS, Toste FD: Chemocatalytic Upgrading of Tailored Fermentation Products Toward Biodiesel. 
ChemSusChem 2014, 7:2445-2448. 
The authors build on their previous success in coupling the products of ABE fermentation (see 
ref. 53) by using a hydrotalcite-supported palladium catalyst to upgrade isopropanol-butanol-
ethanol (IBE) fermentation products in addition to ABE products. 
55. Sreekumar S, Balakrishnan M, Goulas K, Gunbas G, Gokhale AA, Louie L, Grippo A, Scown CD, Bell AT,
Toste FD: Upgrading Lignocellulosic Products to Drop-In Biofuels via Dehydrogenative Cross-
Coupling and Hydrodeoxygenation Sequence. ChemSusChem 2015, 8:2609-2614. 
• 56. Sankaranarayanapillai S, Sreekumar S, Gomes J, Grippo A, Arab GE, Head-Gordon M, Toste FD, Bell
AT: Catalytic Upgrading of Biomass-Derived Methyl Ketones to Liquid Transportation Fuel 
Precursors by an Organocatalytic Approach. Angewandte Chemie International Edition 2015, 
54:4673-4677. 
This communication reports the use of water-tolerant solid base catalysis for mixtures of 
acetone, butanol, and ethanol to long-chain molecules using methyl ketones as a chemical 
bridge.  The authors show that the Aldol-type dimerization of methyl ketones is optimally 
carried out on a material containing both weak acid and strong basic sites. 
20 
57. Balakrishnan M, Sacia ER, Sreekumar S, Gunbas G, Gokhale AA, Scown CD, Toste FD, Bell AT: Novel
pathways for fuels and lubricants from biomass optimized using life-cycle greenhouse gas 
assessment. Proceedings of the National Academy of Sciences 2015, 112:7645-7649. 
58. Zhang Z, Jackson JE, Miller DJ: Effect of biogenic fermentation impurities on lactic acid
hydrogenation to propylene glycol. Bioresource Technology 2008, 99:5873-5880. 
• 59. Schwartz TJ, Johnson RL, Cardenas J, Okerlund A, Da Silva NA, Schmidt-Rohr K, Dumesic JA:
Engineering catalyst microenvironments for metal-catalyzed hydrogenation of biologically-
derived platform chemicals. Angewandte Chemie International Edition 2014, 53:12718-12722. 
This communication demonstrates the upgrading of real, biologically-obtained triacetic acid 
lactone.  Polymer-based microenvironments were used to mitigate catalyst deactivation due to 
biogenic impurities. 
60. Matthiesen J: Electrocatalytic Conversion of Biologically Produced Muconic Acid to a Bio-Based
Polymer Precursor. In 24th North American Catalysis Society Meeting; 2015. 
61. Xiong H, Schwartz TJ, Andersen NI, Dumesic JA, Datye AK: Graphitic-Carbon Layers on Oxides:
Toward Stable Heterogeneous Catalysts for Biomass Conversion Reactions. Angewandte 
Chemie International Edition 2015, 54:7939-7943. 
62. Pham HN, Anderson AE, Johnson RL, Schwartz TJ, O’Neill BJ, Duan P, Schmidt-Rohr K, Dumesic JA,
Datye AK: Carbon Overcoating of Supported Metal Catalysts for Improved Hydrothermal 
Stability. ACS Catalysis 2015, 5:4546-4555. 
63. Jongerius AL, Copeland JR, Foo GS, Hofmann JP, Bruijnincx PCA, Sievers C, Weckhuysen BM: Stability
of Pt/γ-Al2O3 Catalysts in Lignin and Lignin Model Compound Solutions under Liquid Phase 
Reforming Reaction Conditions. ACS Catalysis 2013, 3:464-473. 
64. Martin CH, Wu D, Prather KLJ: Integrated Bioprocessing for the pH-Dependent Production of 4-
Valerolactone from Levulinate in Pseudomonas putida KT2440. Applied and Environmental 
Microbiology 2010, 76:417-424. 
•• 65. Muzaiyanah AR, Amirul AA: Studies on the Microbial Synthesis and Characterization of
Polyhydroxyalkanoates Containing 4-Hydroxyvalerate Using γ-Valerolactone. Applied 
Biochemistry and Biotechnology 2013, 170:1194-1215. 
The authors demonstrate that Cupriavidus sp. USMAA2-4 is capable of incorporating chemically-
derived γ-valerolactone into poly(3-hydroxybutyrate-co-3-hydroxyvalerate-co-4-
hydroxyvalerate), a biologically-derived polyhydroxyalkanoate with useful physical properties. 
Figure 1.  A selection of products that can be obtained biologically.  These species can be 
monofunctional (e.g., n-butanol and ethanol), bifunctional (e.g., hydroxyacids, including lactic 
acid), or truly multifunctional (e.g., the polyketide products).  The short-chain alcohols, both 
citric and lactic acids, and the diacids can all be produced using naturally occurring pathways.  
Recent advances in metabolic engineering have paved the way for producing homologous series 
of long-chain fatty and hydroxyacids as well as pyrones, chalcones and other polyketide 
products. 
Figure 2.  Representative routes for upgrading carboxylic acids.  Top: Chiral amino acids, such 
as alanine (pictured) can be hydrogenated to chiral amino alcohols.  Middle: Long-chain fatty 
acids can either be hydrogenated to fatty alcohols or decarbonylated to α-olefins.  Bottom: Lactic 
acid can be polymerized to poly(lactic acid), oxidized to pyruvic acid, decarboxylated to 
acetaldehyde, reduced to 1,2-propanediol, dehydrated to acrylic acid, ketonized to 2,3-
pentanedione, or esterified to alkyl lactates. 
Figure 3.  Representative routes for upgrading pyrones.  Top: Diels-Alder reactions of 
coumalates lead to terephthalates or benzoates.  Adapted from ref. [38].  Bottom: Triacetic acid 
lactone (TAL) can be produced by a process similar to that for 4HC.  TAL can be upgraded to 
many commodity and specialty chemicals, including lactones, unsaturated acids, and 
bifunctional ketones.  Adapted from ref. [24]. 
Figure 4.  Potential routes for upgrading alcohols, with ethanol shown as a representative 
example.  The Lebedev process can be used for the production of butadiene from ethanol, while 
the Guerbet reaction can be used to couple short-chain alcohols to yield long-chain alcohols.  
Mixtures of acetone, butanol, and ethanol (e.g., the products of ABE fermentations) can be 
coupled using Pd catalysts to yield mixtures of ketones and branched, long-chain alcohols.  
These species could be used as chemical feedstocks or hydrodeoxygenated to yield alkanes for 
blending with petroleum fuels. 
Table 1. Common uses of heterogeneous catalysts for biomass-conversion reactions. 
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